Abstract A new, industrially feasible method for conferring cellulosic substrates antioxidant properties by using enzymatic products was developed. The method allows cellulose surfaces such as those of paper sheets to be conferred antioxidant capacity by using a functionalization solution (FS) obtained from an enzymatic reaction. Various laccases and different phenolic compounds (PhCs) potentially possessing antioxidant action were used to prepare the FS. Antioxidant capacity was assessed by using UV spectrophotometry to monitor the inhibition of ABTS radical cation (ABTS Á? ) in the presence of antioxidants. Based on the results, enzymatic modification of the phenolic compound in the FS increases the bonding strength of its components to cellulosic materials. Evidences on the grafting of the FS onto the cellulosic sheets, and changes in the chemical structure of the resulting oxidized form of PhCs were assessed by using ATR-FTIR. The level of antioxidant capacity achieved depends on the enzyme type, the chemical structure of the compounds in FS, and the presence of lignosulfonates in it. The potential of the proposed method for conferring antioxidant properties to cellulose-based materials by surface application of a product obtained from an enzymatic reaction is demonstrated here for the first time.
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Introduction
The search for renewable, sustainable alternatives to petroleum-derived materials has gained interest in recent years. Cellulose can be an effective choice here by virtue of its natural abundance, renewable nature and unique properties. Therefore, special attention has been focused on the search for new and more valuable applications for cellulose (Qiu and Hu 2013; Morgado et al. 2013; Ma et al. 2013) . The development of innovative materials with new or enhanced properties for use in the packaging industry has also aroused much interest lately, particularly as regards active packaging materials. Active packaging is an innovative concept that can be defined as a type of packaging that extends the shelf-life of foods while maintaining their safety and quality (Rudra et al. 2013; Gómez-Estaca et al. 2014; Kodal Coşkun et al. 2014 ) which is currently a central concern for the food industry. Antioxidant capacity is one of the most desirable properties for a material used to manufacture foodcontaining packaging. In fact, the quality and shelf-life of packed food are known to be diminished by the action of oxygen causing color and flavor alterations, lipid and fat oxidation and microbiological spoilage. Accordingly, the most common approaches to preventing food oxidation involve creating oxygen barriers by using glass, metal or plastics in combination with oxygen scavengers in packaging materials (López-de-Dicastillo et al. 2012; Raheem 2013) . However, the reagents used in oxygen scavenger systems can migrate off the packaging or be channeled to the environment after use. An antioxidant compound can be defined as a substance whose action can inhibit oxidation rate of a free radical. Oxidation reactions can in fact produce free radicals and the radicals start chain reactions that are deleterious to cells. Antioxidants terminate such reactions by removing free radical intermediates and inhibit other oxidation reactions by oxidizing themselves. Traditionally, food producers have prevented oxidation reactions by using synthetic antioxidants; however, their direct addition to foods limits their activity owing to their lack of selectivity to target the food surface-where most oxidative reactions occur. This has aroused considerable interest, promoted by consumer's demands, in using non-detrimental antioxidants and reducing their presence in food.
The most common method for obtaining packaging materials with antioxidant properties involves incorporating appropriate natural antioxidants into plastic materials and assessing the risk of their migrating off the polymer in contact with food. In this context, López-de-Dicastillo et al. (2012) , studied antioxidant packaging films consisting of ethylene vinyl alcohol (EVOH) copolymers, Barbosa-Pereira et al. (2013) , assessed tocopherol-containing active packaging films made of low density polyethylene (LDPE) and Kanatt et al. (2012) , investigated active chitosan-polyvinyl alcohol films with natural mint and pomegranate peel extracts. Cellulose derivatives such as microcrystalline, carboxymethyl and ethyl cellulose have previously been used as carrier materials to prepare advanced materials with antioxidant properties (Jansen et al. 2011; Hsu and Kilmartin 2012; Serrano Cruz et al. 2013) ; by contrast, paper has seemingly never to date been used as carrier material for this purpose.
The use of enzymes in technological processes has provided an environmentally friendly, cost-effective alternative to the traditional chemicals used in industrial processes. Specifically, laccase-mediator systems have brought about especially interesting advances in the pulp and paper industry, and allowed lignocellulosic materials with improved properties to be developed (Gao and Cranston 2008; Aracri et al. 2011; Saastamoinen et al. 2012; Valls and Roncero 2012; Aracri and Vidal 2012; Shogren and Biswas 2013) . One interesting application of laccase systems exploits their ability to graft low-molecular weight phenolic compounds onto lignocellulosic materials (Aracri et al. 2010; Fillat et al. 2012) . Phenolic compounds have also been reported to possess multiple biological effects, including antioxidant activity (Rice Evans et al. 1997; Robards et al. 1999; Kähkönen et al. 1999; Spizzirri et al. 2009 ). They represent a good alternative to substitute synthetic antioxidants, such as butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA) and tert-butylhydroquinone (TBHQ), which use as food additives is being questioned (López-de-Dicastillo et al. 2010; Tian et al. 2012) .
In this work, we developed a methodology for applying a functionalization solution (FS) obtained by enzymatic reaction to the surface of previously formed paper materials. A similar method has already been reported regarding the hydrophobization of such materials (Cusola et al. 2012 (Cusola et al. , 2013 (Cusola et al. , 2014 , but never before for conferring antioxidant properties. The main objective of the treatment was to obtain cellulosebased materials with antioxidant properties useful for packaging applications.
Materials and methods

Paper, enzyme and chemicals
Handsheets made from Eucalyptus ECF fibers (supplied by ENCE, Spain), and Filter paper sheets from FILTERLAB Ò (Sant Pere de Riudebitlles, Barcelona, Spain) were used for functionalization. The enzymes used were a laccase from Trametes villosa (Tv) with an activity of 588 U/mL, a laccase from Myceliophthora thermophila (Mt) with an activity of 532 U/mL both supplied by Novozymes Ò (Bagsvaerd, Denmark), and a laccase from Cerrena unicolor supplied by Fungal Bioproducts Ò (Fb) with an activity of 1660 U/mL. Potassium persulfate (di-potassium peroxdisulfate), 2,2 0 -azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox) and ethanol were obtained from Sigma-Aldrich. Twenty-eight synthetic and natural phenolic compounds (PhC) potentially possessing antioxidant capacity were used in the laccase treatments, namely: caffeic acid (CA), para-hydroxybenzoic acid (pHB), acetosyringone (AS), syringaldehyde (SA), p-coumaric acid (pCA), vanillin (V), acetovanillone (AV), ferulic acid (FA), coniferyl aldehyde (CFA), sinapic acid (SPA), sinapyl aldehyde (SAD), violuric acid (VA), methyl syringate (MS), gallic acid (GA), methyl gallate (MG), ethyl gallate (EG), propyl gallate (PG), butyl gallate (BG) octyl gallate (OG), lauryl gallate (LG), stearyl gallate (SG), b-sitosterol (b-S), atocopherol (a-TP), 4-[4-(trifluoromethyl)phenoxy]phenol (TPH), isoamyl salicylate (IS), 2,4,6-tris(1-phenylethyl)phenol (TRP), tannic acid (TA) and resveratrol (RV), all supplied by Sigma-Aldrich. Soluble sulfonated kraft lignin (SL) was obtained from Borreegard (Sarpsborg, Norway), and used as received.
Preparation of the functionalization solutions (FS)
The treatment conditions were based on those reported in previous studies (Cusola et al. 2013 (Cusola et al. , 2014 . The enzymatic treatments were performed in an agitated bath at 50°C, under moderate agitation, using 250 mL beakers with final concentrations equivalent to 50 mM sodium tartrate buffer (pH 4), PhC (1.2 g/L), lignosulphonate (1.2 g/L) and 1.2 U/mL laccase. The reaction was stopped by quenching the beakers with cold water. Then, the obtained solution (FS) was applied to the surface of paper sheets by dipping. Several control treatments (control FS, KFS), were also performed (Table 1 ) and the results were compared to the paper sheets before the surface treatments.
Paper sheets (PS) treatment with the FS and KFS Eucalyptus fibres above described were used to prepare handsheets according to ISO 5269-2:2004 on a Rapid-Köten lab former. Filter paper was used as received. Samples (4 cm 2 ) of both paper substrates (handsheets and filter paper sheets) were cut off and soaked in each one of the FS or KFS derived from the Laccase-PhC enzymatic reactions by keeping the sheet submerged for 3 s. Then the paper sheet was removed, spread onto blotting paper, and allowed to dry in a normalized atmosphere (23°C, 50 % RH). In the case that the paper sheets were subjected to washing, this was performed by immersing the sheets in distilled water at 80°C for 30 min under constant agitation. Afterwards the sheets were also spread onto blotting paper, and dried in a normalized atmosphere (23°C, 50 % RH).
In the case that the paper sheets were subjected to curing treatments, this was conducted by oven-curing at 150°C for 30 min. Afterwards, the sheets were allowed to cool down under normalized atmosphere for moisture stabilization.
Antioxidant capacity of the functionalization solutions (FS), and the pure phenolic compounds
The antioxidant activity of the enzymatic systems (FS and KFS) was assessed by a procedure consisting in the quantification of the ABTS Á? radical decoloration described by several authors (Re et al. 1999; Kubo et al. 2000) . The decoloration is due to the interaction of this radical with hydrogen or electron donor species. The method consists in the addition of the antioxidant compound to a pre-formed ABTS Á? radical solution and quantifying the remaining ABTS Á? after a fixed time period, by means of UV spectrophotometry (Fig. 1 ). The reduction in ABTS Á? concentration, induced by a certain concentration of antioxidant, is related to that of trolox and gives the TEAC (trolox equivalent antioxidant activity) value of that antioxidant (Arts et al. 2004) . Experiments were performed on a Thersmo Scientific Evolution 600 spectrophotometer. The absorbance value of each solution at 752 nm was monitored every minute up to 6 min, or until stabilization. The inhibition % was calculated as follows:
where A i is the initial ABTS Á? absorbance value, and A f is the ABTS Á? absorbance value after contact with the antioxidant compound aliquot. The inhibition % was plotted against the concentration, and the slope of the curve was compared to that of trolox to calculate the TEAC. The TEAC was obtained from the ratio between the slope of the curve of the studied compound and the slope of the curve obtained for trolox.
Antioxidant capacity of treated papers
The method to evaluate the antioxidant capacity of the treated papers was also based on the method developed by Serpen et al. (2007) , for the measurement of the antioxidant activity of insoluble food components, by quantification of the ABTS Á? radical inhibition.
For the study of the antioxidant capacity of the treated papers, samples of 10 mg of the treated paper sheets were cut in small pieces, weighed and introduced into microcentrifuge tubes. A volume of 1.7 mL of the ABTS Á? solution was added to each one of the microcentrifuge tubes. Next, the tubes were agitated using a vortex mixer for 2 min to facilitate the surface reaction, centrifuged for 4 min at 6000 rpm, and allowed to stand for 30 min before conducting the absorbance tests. The absorbance measures at 752 nm of the centrifuged tubes were performed by taking 1 mL of the supernatant part of the tubes and placing it into a methacrylate cubette. The absorbance value of each sample at 752 nm was monitored every minute up to 6 min, or until stabilization. The inhibition % is calculated as indicated in Eq. 1, however in this case (paper samples) the A i is the initial ABTS Á? absorbance value, and A f is the ABTS Á? absorbance value after contact with the paper samples.
FTIR analysis
ATR-FTIR spectra of paper sheets were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer equipped with universal ATR sampling accessory. The spectra wavenumber range was 4000-550 cm
and the number of scans was 32, with a wavenumber resolution of 1 cm -1 . Paper samples were placed directly on the ATR accessory and the measuring cell was washed using deionized water and ethanol between measurements.
For the FTIR analysis of the enzyme-modified LG, 200 mL of the FS corresponding to the LG compound were prepared as explained previously. Then, the solution was centrifuged at 6000 rpm during 90 min, and the supernatant eliminated from the sample. Afterwards, the sample was allowed to dry at room temperature until a dry solid residue was obtained, and placed into a desiccator overnight. Finally, it was finely grinded and placed directly on the ATR accessory.
Results and discussion
Screening of antioxidant capacity in PS upon treatment with the functionalization solution (FS)
In a preliminary study we assessed the antioxidant capacity of the pure phenolic compounds, and their TEAC value (viz. the trolox equivalent antioxidant capacity) was reported (see Table 2 ; Fig. 2) . Results evidenced that several of the studied compounds presented antioxidant capacity, but others did not show such property at all. According to several authors (Robards et al. 1999; Nugroho Prasetyo et al. 2010) , the antioxidant capacity of a given compound increases with the increasing -OH functions in the aromatic ring. This can be observed by comparing pHB and GA compounds, which presented the same hydroxybenzoic acid structure with the only difference that GA possess 2 additional -OH functions located at the meta positions. Additionally, other authors (Rice Evans et al. 1997) suggested that orto and para-substituted -OH functions do not provide antioxidant capacity, while the meta-substituted do. This may be the reason why the IS compound did not show antioxidant capacity.
As it is shown in Fig. 2 , compounds with a methoxy in the -meta position (V, AV, AS, SA, MS) showed higher antioxidant capacities than if they had had no substitution, but lower than if they had had -OH functions in such position. This observation is in accordance with already reported studies (Rice Evans et al. 1997; Nugroho Prasetyo et al. 2010) . In a general way, it was observed that hydroxycinnamic acid structures presented higher antioxidant capacities than those corresponding to hydroxybenzoic acid structures.
Once the TEAC values of the pure compounds were measured and analyzed, the FS corresponding to each phenolic compound were obtained and applied to the surface of paper substrates. Then, the antioxidant capacity of the treated papers was assessed. Preliminary control tests were used to measure the antioxidant capacity of the eucalyptus handsheets (PS) and the enzyme (PS ? lacc). These substrates exhibited 5 and 7 % inhibition, respectively, so the controls possessed a low antioxidant capacity. Figure 2 shows the antioxidant capacity of paper sheets treated with the FS obtained by using the 25 phenol compounds. All enzymatic solutions increased that of the treated PS. This was particularly so with the FS prepared from ferulic acid (FA), octyl gallate (OG), lauryl gallate (LG), 2,4,6-tris(1-phenylethyl)phenol (TRP) and resveratrol (RV). As can be seen from the TEAC values for the pure compounds, also shown in Fig. 2 , some compounds conferred no antioxidant capacity by themselves, but only after enzymatic reaction and application onto the surface of PS; however, the opposite effect was observed for the TA compound.
The relationship between the -OH functions in the aromatic ring and the antioxidant capacity appeared not so clear once the phenolic compounds were treated with the laccase. In general, the results suggest that the laccase induces a modification to the structure of the phenolic compound, so that it provides antioxidant capacity when applied onto the cellulosic substrate.
In order to examine the potential relationship between the TEAC for the pure compounds and the final antioxidant capacity conferred to PS by using the enzymatic FS, we selected the phenolic compounds with the highest antioxidant capacity upon treatment of the PS, namely: FA, OG, LG, TRP, RV and pCA. Antioxidant capacity, expressed as percent inhibition, was measured after washing the treated PS samples. Figure 3 shows the selected compounds in increasing sequence of TEAC; as can be seen, LG exhibited the highest value and TRP the lowest. There was no clear-cut relationship between TEAC for a given compound and its ability to develop antioxidant capacity in PS upon enzymatic modification and application under the form of a FS to PS. However, a slight tendency of antioxidant capacity to increase with increasing TEAC was observed. The PS samples treated with solutions of the pure, enzymatically untreated compounds exhibited no such tendency, so their low inhibition values can be ascribed to the loss of phenolic product upon washing of the substrate. No such loss was observed-inhibition remained high-from PS treated with enzymatically modified compounds. These results suggest the favourable effect of the enzyme, which alters the chemical structure of the phenolic compounds and facilitates their anchoring to cellulose fibres as a result.
The chemical structure of the phenolic compounds may play a prominent role in the intended correlation. Since in the present section only six compounds were analyzed, the study could be extended to additional compounds exhibiting also high correlation. Then, it would be possible to establish a relationship given by several compounds with increasing antioxidant capacity degrees (assessed by the TEAC). This relationship would be useful to predict the antioxidant capacity of the FS-treated PS by only measuring the TEAC value of the compound, without the need to launch the enzymatic reaction and PS treatment. Such a curve might also be useful to ascertain whether antioxidant capacity depends on the chemical structure of the particular phenolic compound.
One can therefore use a suitable phenolic compound to prepare an effective post-enzymatic solution for efficiently functionalizing the surface of cellulosic substrates. In any case, we judged it essential to examine the influence of the enzyme type, strength of grafting, and paper type in order to more accurately assess antioxidant capacity. The following sections describe the experiments used to these ends. The compounds, enzymes and paper substrates used in each study were chosen in accordance with the particular target parameter.
The relevant effect of the enzyme on antioxidant capacity and bonding strength of FS The effect of the enzyme on the development of antioxidant capacity with FS was assessed by using two of the compounds previously found to result in high, similar inhibition, namely: ferulic acid (FA) and lauryl gallate (LG). Both also had a similar TEAC value (Fig. 2 ). Tests were conducted on eucalyptus PS, using laccase from Trametes villosa (Tv). In order to evaluate the bonding strength of FS to the cellulosic material, antioxidant capacity was also measured in treated PS after being subjected to heavy washing with hot water at 80°C for 30 min. Figure 4 illustrates the antioxidant capacity, as percent inhibition, of paper sheets treated with FS containing FA or LG in pure or enzymatically modified form. The control solutions (KFS) consisting on pure FA and LG were obtained identically as the FS, but using no enzyme. As can be seen, the enzymaticallymodified ferulic acid and lauryl gallate (LacTv ? FA and LacTv ? LG), increased the antioxidant capacity of PS to some extent. This result justified using the enzyme to develop antioxidant capacity.
In addition, the antioxidant capacity of pure (enzymatically unmodified) FA and LG was dramatically reduced by the washing treatment in relation to their enzymatically modified counterparts. Thus, antioxidant capacity remained high upon washing of the substrates treated with the enzymatically modified compounds. This provides an indication of the extent to which the antioxidant chemicals remain attached to the cellulosic material after washing and is very important in relation to the potential migration of chemicals from food packaging. Food packaging can in fact be a source of chemical food contaminants and increasing concern with risk of chemicals migrating into packaged foods has raised the demand for lowmigration materials in Europe. These results show that the chemical modification introduced by the enzyme not only boosts antioxidant capacity, but also increases the bonding strength of the antioxidants to cellulosic materials.
In order to elucidate the effect of the enzyme type on the development of antioxidant capacity in PS the LG compound was treated by using three different laccases, namely: a laccase from Trametes villosa (Tv), a laccase from Cerrena unicolor (Fb) and a laccase from Myceliophthora thermophila (Mt). The enzymes were used to obtain three different FS that were subsequently applied to filter PS prior to measuring antioxidant capacity.
As can be seen from Fig. 5 , antioxidant capacity was markedly dependent on the particular enzyme used. Based on the results, the best enzyme candidate was Tv, followed by Fb and Mt. Results demonstrated that the antioxidant capacity can be increased by up to 30 % (Tv with respect to Mt) depending on the nature of the enzyme. The results also suggest that the different enzymes may have caused different chemical changes in LG, thereby producing LG-modified molecules differing in antioxidant properties. Effect of the addition of SL on antioxidant capacity
In the work described in previous publications (Cusola et al. 2013 (Cusola et al. , 2014 , we used a surfactant (lignosulfonate, SL) to prepare the FS for hydrophobizing cellulosic substrates. In our first work, we identified three favorable effects of the presence of SL during the enzymatic reaction, acting as: (1) dispersing agent, (2) hydrophobicity enhancer, and (3) enzyme activity preserver. In the second work we observed that the presence of SL during the reaction increased dispersion stability, and reduced the particle size in the case of LG compound; we therefore thought it necessary to also elucidate the potential role of this compound in the development of the antioxidant capacity.
The study described in the present section was aimed at clarifying the effect of this additive on antioxidant activity in PS treated with the proposed methodology. For this purpose, we selected the six compounds exhibiting the highest antioxidant capacity (viz. FA, LG, OG, TRP, RV and pCA) and examined the effect of adding SL. The study was conducted with filter PS and the enzyme Fb. Figure 6 illustrates the antioxidant capacity of PS treated with solutions of the pure compounds, and the effect of including SL and the enzyme in the formulation of FS; also, it shows the antioxidant capacity of all samples after heavy washing.
The control tests used to assess antioxidant capacity in filter PS samples, both untreated and impregnated with a LacFb solution, provided 6 ± 1 and 9 ± 1 % inhibition, respectively; therefore, neither the paper nor the enzyme by itself was able to develop antioxidant capacity. The dramatic decrease in antioxidant capacity apparent from the black and horizontal-dashed bars in Fig. 6 indicates that the phenolic compounds were weakly adsorbed onto the PS surface and thus easily removed from it by washing. The antioxidant capacity of PS treated with FS containing the phenolic compound, SL, and the enzyme (LacFb) (inclinated-dashed bars in Fig. 6 ) was lower than that obtained with the pure compounds (black bars in Fig. 6 ). Washing reduced the antioxidant capacity of PS treated with the compound ? SL ? LacFb solution (grey bars in Fig. 6 ); however, with LG, OG and RV compounds the antioxidant capacity remained high after washingwhich suggests stronger binding of the phenolic compounds to the paper substrate by effect of the action of the enzyme on the compounds. Using SL had a favourable effect on the development of antioxidant capacity in PS treated with the proposed method; the effect, however, was dependent on the particular phenolic compound. In fact, the antioxidant capacity of a mixture of phenolic compounds was previously found to be smaller than the sum of the antioxidant capacity of each individual compound to an extent depending on the particular PhC and its microenvironment. Interactions between compounds can have inhibitory or synergistic effects (Arts et al. 2001; Kuskoski et al. 2005; Blauz et al. 2008) . The presence of Lacc in the treatment solution decreased the initial antioxidant capacity of the phenolic compounds, but had a favourable overall effect since it seemingly led to stronger binding of the compounds to cellulosic substrates as shown by the results for paper samples heavily washed with hot water.
Antioxidant capacity of the Lacc-SL-LG (FS) system
Lauryl gallate is known to be an antioxidant additive used to prevent degradation of food (Aruoma et al. 1993; Kubo et al. 2002) . In the present work, it has been proved that it is possible to confer antioxidant properties to paper-based materials by the surface Fig. 6 Antioxidant capacity of filter PS after surface treatment with solutions of the pure compounds alone and in combination with SL ? Lacc before and after heavy washing with hot water (80°C) for 30 min treatment using an FS, prepared from LG compound; in addition, the antioxidant values obtained were significantly high (Fig. 6) .
Previous studies showed LG to be effective in hydrophobizing cellulosic substrates by effect of a surface enzymatic treatment, and the effect to be enhanced by the action of the natural surfactant sulfonated lignin improving distribution, hydrophobicity and enzyme activity stability (Cusola et al. 2013 (Cusola et al. , 2014 . Also, as stated above, impregnating PS with the enzymatic product of the reaction of laccase with LG conferred them antioxidant capacity. The study described in this section was aimed at characterizing antioxidant capacity in the FS and elucidating the role of its individual components in the development of this property.
The antioxidant capacity of the LG, SL, LG ? SL, SL ? Lacc, LG ? Lacc controls, and that of the whole treatment (FS), was assessed by the methodology described in the experimental section which is used to achieve the antioxidant capacity of the FS, and the pure phenolic compounds. Solutions of the mentioned controls and FS at concentrations ranging from 0 to 2.5 mM were used to measure antioxidant capacity as a function of concentration (see Fig. 7) , and the slopes of the resulting curves being compared with that for trolox to calculate TEAC (Table 3) . Trolox equivalency is widely used as a benchmark for antioxidant capacity; a TEAC value higher than unity is indicative of a high antioxidant capacity.
As can be seen from the results, the LG and LG ? SL controls were those exhibiting the highest TEAC values (1.96 and 1.38, respectively) and hence the highest antioxidant capacity. However, these controls consisted of unmodified LG and SL, so TEAC was considerably decreased upon treatment with the enzyme: to 0.39 with the LG ? Lacc control and 0.19 with the FS (LG ? SL ? Lacc). This result is suggestive of changes in the phenolic compound (LG) upon enzymatic reaction altering its chemical structure and hence its antioxidant capacity. The TEAC value for the SL and SL ? Lacc controls (0.4 and 0.03, respectively) are suggestive of poor antioxidant capacity in SL-and even poorer after the enzymatic reaction.
Based on the results, the LG ? Lacc and LG ? SL ? Lacc (FS) enzymatic products, which consisted in aqueous solutions obtained by enzymatic reaction with laccase, possessed no antioxidant capacity. These results contradict those previously obtained for PS treated with these solutions. In fact, as shown in the previous sections, the PS samples subjected to the LG ? Lacc treatment exhibited marked antioxidant capacity. There are at least two plausible explanations for this phenomenon, namely: a. Although the LG ? Lacc system has no antioxidant capacity, interacting with cellulose in PS may cause chemical rearrangement of the LG molecule by effect of its grafting onto cellulose and lead to the formation of new structures with antioxidant properties. b. Although the slope of the inhibition curves for
LG ? Lacc and FS were very low, the concentrations actually deposited onto the treated PS samples were unknown. In fact, the antioxidant capacity of PS was measured by using a certain amount of paper (10 mg), but the exact amounts of LG ? Lacc and FS attached to the PS surface could not be determined.
The likelihood of the former hypothesis can be judged partly from the discussion of potential reaction Table 3 Slopes of the curves obtained from the representation of the percent inhibition versus concentration (Fig. 7) products and grafting adducts. That of the latter requires at least a rough estimate of the amounts of FS products-and hence of modified LG-deposited onto the paper sheets by the treatment. As can be seen in Fig. 2 , the samples treated with the KFS consisting in a LG ? Lacc solution exhibited an antioxidant value of 73 ± 5 % inhibition, whereas the antioxidant capacity of PS treated with FS was 74 ± 5 % inhibition. Based on the slopes of the curves for LG ? Lacc and FS in Fig. 7 , obtaining 73 % inhibition required the paper to bear or release amounts of LG ? Lacc or FS products in the region of 50 and 103 lM, respectively. The amounts of FS the paper was able to absorb after impregnation were evaluated by using a mass-difference method to determine the FS uptake by the paper substrate (commercial filter paper of 62 g/ m 2 grammage). The FS uptake (FSU) for the paper was about 68 g/m 2 . Since the concentration of LG in FS was 3.55 mmol/L and the density of FS 1 g/mL, the amount of FS borne by 1 g of treated paper was calculated from the following equation:
where FSU is the FS uptake, G the paper grammage and d FS the FS density. The amount of FS present in 1 g of paper was thus calculated to be 1.1 mL (FS) / g (paper) . Since we used 10 mg of paper to determine the antioxidant capacity of the paper sheets, the concentration of LG in FS allowed us to easily estimate the amount of LG present in each paper sample, which is 0.039 lmol. Finally, if complete release of LG present in the paper into the volume of ABTS solution used (1.7 mL) is assumed, then the concentration of LG leading to the previously measured inhibition value in treated PS (73 %) was 23 lM.
Based on the curve of Fig. 7 for FS inhibition, an amount of 23 lM of FS could only have caused about 15 % inhibition. Therefore, the amount of LG present in FS-which essentially consisted of enzyme-modified LG molecules-leading 73 % inhibition in treated PS were not able to develop such inhibition percentage when considered in solution without the presence of paper. This result suggests that hypothesis (b) above is not valid and strengthens the likelihood of hypothesis (a).
The previous estimates were obtained on the assumption that FS distributed evenly across PS upon impregnation-which was supported by visual inspection of the PS specimens after impregnation.
Effect of the alkyl chain length of the gallates on the development of antioxidant activity According to some authors, hydroxyl groups on the aromatic ring of phenolic compounds are responsible for their antioxidant properties (Robards et al. 1999; Arts et al. 2004; Nugroho Prasetyo et al. 2010) . Therefore, the differences in antioxidant properties between unmodified LG and laccase-modified LG described previously must have arisen from chemical changes in LG introduced by the enzyme. In fact, laccase causes chemical alterations in the phenol moiety of LG.
However, as also explained in the previous sections, when enzyme-modified LG interacts with cellulosic materials, chemical re-arrangement of the molecule restores the antioxidant capacity of LG. Thus, the complex formed between enzyme-modified LG and paper possesses antioxidant properties.
LG is a phenolic compound belonging to the homologous series of gallates, a series of compounds which antioxidant capacity is widely known. Several gallates are commonly used as food antioxidant additives (Aruoma et al. 1993; Kubo et al. 2002) . The major difference between gallates is their variable aliphatic chain length, since they possess an identical core structure (the phenol) and differ only in the length of the hydrocarbon chain.
The present study was undertaken to elucidate the influence of the alkyl chain length on the development of such properties. For this purpose, we selected several compounds from the gallate family. Each gallate was oxidized by the action of laccase and the resulting products, which exhibited liquid properties, were used to impregnate filter PS. Once the treated PS were dry, their antioxidant capacity was assessed. A control consisting of untreated PS samples, one containing the enzyme (viz. paper impregnated with enzyme solution) and one consisting of tannic acid (TA) were also examined for comparison. As can be seen from Fig. 8 , the paper itself (without modification) and the laccase control (PS impregnated with the enzyme solution) exhibited very weak inhibition and were thus deemed inactive in terms of antioxidant capacity. Figure 8 also shows the variation of antioxidant activity with the gallate chain length. Based on the results, the antioxidant capacity of treated PS increased gradually with increasing chain of the gallate but levelled off beyond OG. Since the action of the enzyme focused on the phenol, an identical chemical modification can be expected to have been undergone in all the gallates, and hence no chemical modification in the hydrocarbon chains.
Tannic acid (TA) was also included in the analysis because it contains a large number of phenols and hydroxyl groups potentially influencing the development of antioxidant properties. As can be seen from Fig. 8 , TA inhibited oxidation by about 40 %. Based on the results, successfully introducing antioxidant capacity with this technique relies more heavily on the presence of a long aliphatic chain in the enzymemodified compound than on a large number of aromatic rings in its structure.
As stated in previous publications (Cusola et al. 2013 (Cusola et al. , 2014 , heat treatments have a favourable effect on hydrophobicity in treated PS. This led us to also examine the effect of a curing treatment on antioxidant capacity development in treated PS. To this end, PS samples treated with enzyme-modified gallates were oven-cured at 150°C for 30 min. Figure 8 illustrates the effect of the curing treatment; as can be seen, the treatment had no appreciable effect on the antioxidant capacity of PS.
ATR-FTIR analysis of the FS-modified paper and LG ATR-FTIR analysis was used to find evidences about the grafting of the FS onto the paper sheets. Figure 9 shows the IR absorbance spectra for the non-treated eucalyptus sheets (Eucalyptus), FS-treated eucalyptus sheets (Eucalyptus ? FS), and the lauryl gallate compound (LG). A new peak at 1600 cm -1 appeared in the IR spectrum of the FS-treated eucalyptus sheets with respect the non-treated ones. This peak corresponds to the conjugated C = C stretching frequency of the aromatic ring in the LG molecule; the peak is clearly defined when considering the IR curve of the pure LG in Fig. 9 . Since the FS contains LG compound in its formulation, the occurrence of this peak at 1600 cm -1 upon the treatment of the sheets using the FS can only be ascribed to the presence of lauryl gallate molecules in the FS-treated samples. The absorbance of this peak was weak due to the low concentration of the LG compound onto the paper surface compared to the IR of the pure LG. However, the peak was easily detected.
LG compound was oxidized with laccase under the reaction conditions described in ''Materials and methods'' section, albeit in the absence of SL. The product thus obtained, was concentrated and measured by FTIR-ATR. Based on Fig. 10 , the hydrocarbon chain of the LG compound remained intact after reaction with the enzyme; in fact, the peaks for methyl (-CH 3 , 2850 cm -1
) and methylene groups (-CH 2 , 2916 cm -1 ) remained unchanged. This was taken as evidence that enzyme caused no chemical changes in the alkyl chain.
Conclusions
A surface treatment of cellulose substrates with the aqueous products derived from the reaction of the enzyme laccase with specific phenolic compounds provides an effective method for developing antioxidant properties in cellulosic materials, after the surface application of such enzymatic solutions. Using the enzyme to introduce chemical changes in the compounds is well justified since, as confirmed by washing tests, it strengthens binding of the modified products to cellulosic materials. The enzyme type used strongly influences the ability of the FS to confer antioxidant capacity to PS. The addition of SL to the FS has a favourable effect on antioxidant capacity development with most phenolic compounds-and an only slightly adverse impact on that of the others. In spite that FS exhibit no antioxidant capacity, it was found to efficiently confer antioxidant capacity after application onto the cellulosic material. Thus, the enzyme causes chemical changes in the LG molecule that reduce its antioxidant capacity, but interaction of enzyme-modified LG with a cellulosic material causes further changes in LG that seemingly restore its antioxidant capacity. The antioxidant capacity of treated PS increased gradually with increasing chain length of the gallate. Therefore, the presence of a long alkyl chain seems to be more important than possessing a large number of aromatic rings here. Antioxidant capacity levelled off in octyl gallate (OG) and was unaffected by a curing treatment. The ATR-FTIR analysis revealed the appearance of a peak at 1600 cm -1 for the FStreated eucalyptus sheets, providing evidences on the grafting of the FS onto the surface. FTIR analysis also confirmed that the hydrocarbon chain of LG remains unaltered after the enzymatic reaction.
